Repeat proteins composed of tandem arrays of a short structural motif often mediate protein-protein interactions. Past efforts to design repeat protein-based molecular recognition tools have focused on the creation of templates from the consensus of individual repeats, regardless of their natural context. Such an approach assumes that all repeats are essentially equivalent. In this study, we present the results of a "modulebased" approach in which modules composed of tandem repeats are aligned to identify repeat-specific features. Using this approach to analyze tetratricopeptide repeat modules that contain three tandem repeats (3TPRs), we identify two classes of 3TPR modules with distinct structural signatures that are correlated with different sets of functional residues. Our analyses also reveal a high degree of correlation between positions across the entire ligand-binding surface, indicative of a coordinated, coevolving binding surface. Extension of our analyses to different repeat protein modules reveals more examples of repeat-specific features, especially in armadillo repeat modules. In summary, the module-based analyses that we present effectively capture key repeat-specific features that will be important to include in future repeat protein design templates.
Introduction
Repeat proteins mediate protein-protein and protein-nucleic acid interactions that are central to a variety of cellular processes. [1] [2] [3] [4] [5] They contain tandem repetitions of a short structural motif. Examples include the tetratricopeptide repeat (TPR), the leucine-rich repeat (LRR), the WD40 repeat, the ankyrin repeat (ANK), and the armadillo repeat (ARM). Each of these motifs has its own "signature"-a small set of highly conserved (typically hydrophobic) amino acids that specify the repeat structure. 4, [6] [7] [8] Here, we define a repeat protein "module" as an array of tandem repeats and classify modules based on their repeat type and the number of repeats.
Designed repeat protein modules have been used as molecular recognition tools in a wide variety of applications, including affinity chromatography, Western blotting, histochemistry, and targeted inhibition of protein-protein interactions in vivo. [9] [10] [11] Designed repeat protein modules have many advantages over traditional molecular recognition tools (e.g., antibodies), including thermal and chemical robustness, facile and cheap production in large quantities from Escherichia coli, and disulfide-independent folding for intracellular applications. [12] [13] [14] Furthermore, repeat protein modules have a well-defined subset of ligandbinding residues, 15, 16 which allows for focused design and/or selection approaches to obtain new modules with desired function.
An important element in designing any protein to have a desired binding activity is the selection of a template onto which functional residues can be grafted. 17 Although natural repeat proteins have been used successfully as design templates, they may lack the necessary stability to tolerate the introduction of substantial changes because the template protein is presumably only as stable as it needs to be in order to perform its in vivo function. Many groups have shown that a protein representing a consensus sequence is often more stable than any individual protein from which the consensus is derived. [18] [19] [20] [21] [22] Extending this consensus-based approach to repeat proteins, researchers have designed consensus repeats for many different repeat motifs and created modules by assembling tandem arrays of these consensus repeats. 12, 15, [23] [24] [25] [26] [27] One fundamental assumption of the consensus repeat-based designs is that all repeats are equal. The validity of this notion is supported by the observation that the structures of repeat proteins composed of tandem consensus repeats reproduce the structures of their natural counterparts. 12, 13, [27] [28] [29] Several repeat protein designs incorporated repeatspecific elements on a somewhat ad hoc, or proteinby-protein, basis. Inclusion of special N-and/or Cterminal capping repeats to improve solubility has been a fairly common strategy. 12, [30] [31] [32] [33] However, introduction of functional residues onto consensus repeat proteins, either by randomization and selection or by statistical analysis of repeat protein modules with known function, has yielded mixed results. Cortajarena et al. showed that Hsp90-binding residues could be grafted onto a consensus TPR module to create a protein that specifically bound the C-terminal peptide of Hsp90. 34 However, the binding affinity of the interaction was over an order of magnitude weaker than natural Hsp90-binding TPR modules. Higher affinity was accomplished by incorporation of additional design features. 35 A similar result was reported by Zahnd et al., 36 whose designed ankyrin repeat protein exhibited the desired specificity for the Her2 extracellular domain but weaker affinity than that of known high-affinity ankyrin-ligand interactions. 37 In this example, the binding affinity of the designed ankyrin repeat protein for Her2 was greatly increased using random mutagenesis and selection. Intriguingly, several of the mutations that increased binding affinity occurred at ankyrin signature positions. 38 These results suggest that repeat-specific modifications are very important for designing high-affinity repeat protein modules.
We have developed a novel "module-based approach" in which we treat repeat protein sequences as modules of tandem repeats instead of separating and aligning all individual repeats. This approach involves an important change of mindset in understanding repeat protein sequences, namely, that repeat-specific features can be distilled from repeat protein module sequence alignments and incorporated into designs from the beginning. Incorporation of these features early in the design process can be very powerful because it limits the number of rounds of design and characterization of individual proteins required to obtain the desired binding properties. We applied this module-based approach to the analysis of different classes of repeat proteins. As an example of how important repeat-specific information can be extracted from repeat protein module alignments, our most expansive analyses focused on modules composed of three tandem TPR motifs (3TPRs). We discovered a number of key repeat-specific sequence features that are overlooked with a consensus repeat-based approach. In particular, we found that there are two distinct classes of naturally occurring 3TPR modules, one of which has a significant, repeat-specific signature change that is highly correlated with, but not exclusive to, a particular set of functional residues. This observation is of relevance for protein design because it suggests that certain modules are more favorable templates for hosting certain ligandbinding functions. We also performed preliminary module-based analysis on two other types of repeat proteins, ANK and ARM proteins, to demonstrate the generality of our approach. We found that most ANK repeats have very high sequence similarity regardless of module size, whereas ARM repeats are highly divergent and are prime candidates for design improvement using the module-based approach. Together, these findings suggest that a modulebased approach is useful in generating templates for repeat protein design because not all repeats are equal.
Results and Discussion
We examined 3TPR modules because they are the most common TPR modules in natural proteins (40% of TPR modules in all TPR-containing proteins have three TPR repeats; see Supplementary Fig.  1a ). Several 3TPR modules have been well studied in terms of their structure and ligand-binding specificity, which allows us to interpret sequence variations in the context of known structure and function. We identified 4171 proteins containing exactly three canonical TPR motifs (i.e., a canonical TPR motif is exactly 34 amino acids long). Of these, we obtained a database of 974 nonredundant proteins that had no gaps between adjacent repeats (see Materials and Methods for further description of database construction).
For subsequent discussion of equivalent positions in different 3TPR repeats, we use the sequence position number in the context of a single repeat (i.e., a number from 1 to 34). Two identifiers will be given to refer to specific positions in 3TPR modules. The first identifier is simply the sequence position number in the context of a 3TPR module (i.e., a number between 1 and 102). To clarify comparisons between equivalent positions in different repeats, we give a second identifier in the form of x@TPRy, where x indicates the sequence position within a single repeat (i.e., a number between 1 and 34) and y indicates the repeat number within a 3TPR module (i.e., a number between 1 and 3). For example, 3@TPR2 denotes position 3 in repeat 2 of a 3TPR module.
All repeats are not equal
To compare each of the 3TPR repeats to an alignment of all canonical TPRs (allTPR), we calculated the relative entropy (a measure of sequence entropy) for each position [Eq. (1)] using the difference between the observed amino acid frequency distribution at each position and the amino acid frequency distribution of the SMART database (the reference distribution). To fully present the nuances of these data, we show both bar graph and sequence logo representations. The bar graphs show the degree of conservation (or variability) at each position, whereas the sequence logos show which amino acids are present at each position. 39 We find that the highly conserved TPR signature positions (e.g., 8, 20 , and 27) stand out with high relative entropy values and strong preferences for one or two amino acids in the allTPR alignment and each 3TPR repeat alignment (Fig. 1 ). There are also positions (e.g., 22) that are highly variable in the allTPR alignment and each 3TPR repeat alignment. However, for most positions, we find that the relative entropy values for one or more of the 3TPR repeats differ significantly from the relative entropy values for allTPR and the other 3TPR repeats.
For simplicity, we grouped the trends that distinguish 3TPR repeats from allTPR and from each other into three types. Type I trends, exemplified by position 9, have higher relative entropy values in the first 3TPR repeat only. Type II trends, exemplified by position 23, have higher relative entropy values in the second 3TPR repeat only. Finally, type III trends, exemplified by position 4, have higher relative entropy values in both the second and the third repeats of 3TPR but not the first. Together, these three types of trends distinguish 3TPR repeats from allTPR, providing the first evidence that not all repeats are equal in the context of a repeat protein module. Moreover, these trends typically show high relative entropy values and significant amino acid preferences, suggesting that potential functional or structural features of 3TPRs would be missed in a consensus repeat-based approach because of the inherent averaging of such an approach.
Two structural classes of 3TPR modules
What is the significance of the repeat-specific features of 3TPRs that our analyses have revealed? To investigate this issue in greater depth, we compared the amino acid distributions for TPR signature positions in allTPR and each 3TPR repeat (examples are in Supplementary Fig. 2 ). The amino acid distributions for most of the signature positions match well for allTPR and each of the 3TPR repeats (e.g., see position 17 in Supplementary Fig. 2 ). However, we also identified three signature positions in the 3TPR repeats whose distributions differed significantly from the allTPR distributions-positions 7 (7@TPR1), 11 (11@TPR1), and 58 (24@TPR2) ( Supplementary Fig. 2 ). In all three cases, previously underrepresented amino acids are now observed at much higher frequency. The fact that only three TPR signature positions deviate from expectation suggests that, on the whole, the TPR signature positions are conserved and specify the TPR fold. However, the three deviations represent repeatspecific signatures and strongly suggest critical roles for these positions in the stability and/or function of 3TPR modules.
To investigate how these repeat-specific signature changes might impact the rest of a 3TPR module, we used mutual information [MI; see Eq. (2)] to calculate the mutual dependence of two positions on each other. 40, 41 Here, we use MI scores to rank residue pairs for possible covariation: a high MI score relative to the mean suggests high possibility of covariation for a residue pair while a low MI score relative to the mean indicates little, if any, covariation. Of the three positions with changes to the TPR signature (7 or 7@TPR1, 11 or 11@TPR1, and 58 or 24@TPR2), only position 58 (24@TPR2) shows high covariation with other 3TPR positions (with a maximum MI score almost 4.5 SD above the mean MI score). The maximum MI score for position 58 (24@TPR2) is obtained with position 74 (6@TPR3), a position located on the concave ligand-binding face of natural 3TPR modules.
We investigated the amino acid distributions at position 74 for each of the five most frequent residues at position 58 (A, 25%; C, 24%; F, 11%; L, 14%; Y, 17%). We found that A or C at position 58 (24@TPR2) is strongly correlated with R at position 74 (6@TPR3) whereas F, L, or Y at position 58 (24@ TPR2) is strongly correlated with N at position 74 (6@TPR3) (Fig. 2a) . By considering structural models, we can readily understand the covariation between residue pairs at positions 58 (24@TPR2) and 74 (6@TPR3) in terms of side-chain packing ( Fig. 2b and c) . For the A58-R74 pair, the aliphatic part of the R74 side chain packs closely against A58 while the guanidinium group remains exposed for ligand binding (Fig. 2b) . A large hydrophobic residue at position 58 (24@TPR2) would prevent this conformation of the R74 side chain and thus could impair interaction with a ligand. On the other hand, the smaller N74 side chain would not clash with a large hydrophobic residue at position 58 (24@TPR2) but could still interact with ligands, as others have hypothesized (Fig. 2c) . 42 The strong correlation between positions 58 (24@TPR2) and 74 (6@ TPR3) suggests a novel interplay between structure and function in 3TPRs in which fold-specifying signature residues [e.g., A or C at position 58 (24@TPR2)] can coevolve with functional residues [e.g., R at position 74 (6@TPR3)]. 
Dichotomy of 3TPR module functions
We further examined the influence of position 58 (24@TPR2) on 3TPR module composition by following the natural divide of our 3TPR dataset into two large subsets: the AC58 subset of 473 sequences with A or C at position 58 (24@TPR2) and the FLY58 subset of 406 sequences with F, L, or Y at position 58 (24@TPR2).
In the AC58 subset (Fig. 3a) , we discovered that there are actually two distinct TPR signatures-a "classic" signature with F, L, or Y at position 24 and an "alternative" signature with A or C at position 24 and a R-D salt bridge between positions 7 and 23 of the same repeat. In this subset, there are a number of positions with even higher relative entropy than many of the TPR signature positions, the most notable of which are positions 41 (7@TPR2) and 57 (23@TPR2) (asterisks in Fig. 3a) . Greater than 94% of AC58 sequences have R at position 41 (7@TPR2) and D at position 57 (23@TPR2). Furthermore, there are only three sequences (out of 448) that have one of these residues without the other. In many natural 3TPR modules of known structure [e.g., Protein Data Bank (PDB) IDs: 3SZ7, 1ELW, and 2VYI], these residues form a salt bridge in repeat 2 (Fig. 3b) . This unique combination of a R41-D57 salt bridge in the same repeat as A or C at position 58 (24@TPR2) defines an alternative TPR signature for the second repeat of 3TPR modules in this subset. Because this alternative signature is only observed in the second repeat of 3TPR modules, it appears that there are two distinct classes of natural 3TPR modules-one with three classic repeats and a second with an alternative repeat 2.
Within the AC58 subset, we also discovered that the majority (59%) of the sequences have a set of amino acids previously named the "dicarboxylate clamp", which is known to interact with the Cterminal EEVD peptides of the chaperones Hsp70 and Hsp90 (arrows in Fig. 3a and c) . 43, 44 Specifically, the dicarboxylate clamp consists of K at position 5 (5@TPR1), N at position 9 (9@TPR1), N at position 40 (6@TPR2), and K at position 70 (2@ TPR3). This set of functional residues is one of very few sets of residues in repeat proteins for which the function is well characterized. While each of these amino acids is present at approximately 70% frequency at its respective position, the 59% of sequences observed to have all four residues is significantly greater than the expected co-occurrence of 24% if these residues were independent. Given that almost 60% of the AC58 sequences have the dicarboxylate clamp residues, it is apparent that the AC58 is particularly well suited, but by no means limited, to binding C-terminal EEVD peptides.
In stark contrast, there are very few positions in the FLY58 subset (Fig. 3d) with high relative entropy other than the TPR signature positions. The high degree of variability at ligand-binding positions (e.g., positions 2 and 9) in repeat proteins has been previously interpreted to mean that these proteins possess a wide variety of ligand-binding specificities. 16 Our results support this interpretation and also suggest that certain modules are well suited for certain binding functions.
Covariation across the 3TPR concave face: Coordinated ligand binding
The significant covariation revealed by the initial MI analysis led us to hypothesize that there might be additional covariation in 3TPR modules that does not involve signature positions but that may still have a significant impact on 3TPR function. We therefore expanded the MI analysis to include all pairs of positions in 3TPR modules and discovered strong covariation between many non-signature positions on the concave ligand-binding face. Figure 4a shows a network where each 3TPR position is represented by a node and each edge connects pairs of positions with MI scores greater than 3 SD above the mean MI score (see Materials and Methods for more information). In this network, we identified three clusters of highly connected nodes, or "hubs", that indicate covariation between residues on the concave ligandbinding surface (Fig. 4b) . The dicarboxylate clamp residues (5 or 5@TPR1, 9 or 9@TPR1, 40 or 6@ TPR2, and 70 or 2@TPR3) and position 74 (6@ TPR3) all appear prominently among these correlated positions. Position 74 (6@TPR3), in fact, is the most well connected node, suggesting that this position has the most pervasive impact on the amino acid preferences at other 3TPR positions. Overall, the strong correlation between ligandbinding positions that we observe strongly suggests that ligand binding is coordinated across the entire binding surface in 3TPR modules.
Extension of module-based analyses to other repeat proteins
We applied our methodology to TPR modules containing different numbers of tandem repeats (4TPR and 5TPR). For 4TPR and 5TPR modules, we found that the relative entropy values of each repeat are quite similar to allTPR, much like the repeats in the FLY58 subset of 3TPRs (Supplementary Fig. 3) . Thus, unlike 3TPR modules, 4TPR and 5TPR modules do not appear to have a significant number of modules with changes to the classic TPR signature. This information is valuable in that it confirms that, for certain module types, the assumption that all repeat are roughly equal is a valid one.
We also examined ankyrin (ANK) modules with emphasis on the two most common ANK modules in SMART (2ANK and 3ANK; see Supplementary Fig.  1b and Ref. 22) . For both of these module types, we observed that each repeat is quite similar to an alignment of ANK repeats (allANK) (3ANK results shown in Fig. 5 ). As with TPRs, signature positions (i.e., 4-7, 9, 13, 21-22, and 25) are readily distinguishable in the sequence logos. However, unlike with 3TPR modules, we observed only small fluctuations in relative entropy for equivalent positions in different repeats. This result suggests that all repeats are roughly equivalent in 2ANK and 3ANK, similar to the case for 4TPRs and 5TPRs. It is important to note, though, that this analysis likely does not include the N-and C-terminal repeats of natural ANK modules because they tend to be so highly divergent that they are not detected by the SMART algorithm.
ARM repeats present a contrasting picture to either TPRs or ANKs. In 8ARM modules, which are one of the two most common ARM modules ( Supplementary Fig. 1c) , the individual 8ARM repeats are vastly different from each other and from an alignment of individual ARM repeats (allARM) (Fig. 6) . Unlike TPR and ANK repeats, the ARM signature is relatively sparse. 45 This is obvious in the allARM sequence logo, where very few positions have significant amino acid preferences. Nonetheless, positions 4, 8, 9, 12, 17, 20, 21 , and 38 all show some degree of conservation for either a single amino acid or a class of amino acids (e.g., hydrophobic) in allARM and can thus serve as starting points for comparison against the 8ARM repeats. However, even at some of these partially conserved positions in allARM, there are often striking differences between individual 8ARM repeats. For instance, position 21 has a very strong bias for leucine in seven of the eight repeats but has a strong preference for histidine, tyrosine, and phenylalanine in repeat 4. We also discovered that our 8ARM dataset had an abundance of importin sequences (approximately 18%), which share a common function. Despite their common function, alignments of each importin repeat are clearly different from an alignment of all importin repeats ( Supplementary Fig. 4) . Because of the large number of differences between the 8ARM repeats, it is difficult to infer the structural or functional consequences of these sequence differences. Thus, 8ARM modules are complex and not just simple arrays of idealized ARM repeats.
Materials and Methods
Motif sequences and sequence dataset construction All motif sequences (TPR, ANK, and ARM) were extracted from the genomic mode of SMART database on November 28, 2011. 46, 47 For each dataset described below, we filtered the SMART results to obtain datasets where all sequences in a given dataset are the same length. Thus, when we refer to an "alignment", we simply lined up all sequences by position for each dataset.
There are a total of 12,766 proteins with TPR repeats in the SMART database, distributed across 956 species from all three domains of life. Of these sequences, 4171 proteins contain exactly three canonical TPR repeats, where canonical is defined as exactly 34 amino acids in length. The TPRs in some of these sequences are separated from adjacent repeats by gaps. To obtain a conservative set of natural 3TPR modules for this analysis, we filtered the 4171 sequences to obtain only those sequences with no gaps between adjacent TPRs. Subsequently, we removed redundant sequences, leaving a final dataset of 974 nonidentical 3TPR modules. We constructed 4TPR and 5TPR module sets using the same set of filters and obtained 287 and 124 sequences, respectively.
There are a total of 17,387 proteins with ANK repeats in the SMART database, distributed across 629 species from all three domains of life. The most commonly cited canonical size of an ANK repeat is 33 amino acids. 13 However, the most common ANK repeat length in the SMART database is 30 amino acids, coupled with the most common gap size of 3 between adjacent repeats. This is probably a result of the hidden Markov model algorithm in the SMART database. Based on previous studies on ANK repeats, the major secondary structure elements are within the first 30 amino acids of each repeat, giving us confidence that studying the 30 amino acid repeats will capture the major features of ANK modules. Hence, our ANK dataset is strictly obtained by the criteria that all ANK repeats are exactly 30 amino acids long and adjacent repeats are separated by exactly 3 amino acids. After applying these filters to sequences containing two or three ANK repeats (2ANK and 3ANK modules, respectively) and removing redundant sequences, we obtained 850 and 575 nonidentical sequences, respectively.
Compared to the large number of TPR-and ANKcontaining proteins, there are only 1912 proteins with ARM repeats in the SMART database, all of which are eukaryotic. The length of an ARM repeat has been estimated to be approximately 42 amino acids. 48 However, the most common length in the SMART database is 41. As with ANK repeats, we noted that the three core helices of an ARM repeat are found in the first 40 amino acids. Hence, we included only sequences in which all repeats were greater than 40 amino acids long. Unlike the TPR and ANK proteins, there were two distinct, commonly occurring ARM repeat modules in the SMART database, composed of three ARM repeats (3ARM, 345 sequences) and eight ARM repeats (8ARM, 359 sequences). Because the most frequent size of ARM repeats was not the expected 42 amino acids, we defined "tandem" repeats as repeats with two or fewer amino acids between adjacent repeats. However, approximately 83% of 3ARM proteins did not fulfill this criterion. Hence, we decided to focus on 242 8ARM proteins that had repeats of at least 40 amino acids (mean = 41) and a gap allowance of 2 amino acids between adjacent repeats. Positions 4, 8, 9, 12, 17, 20, 21 , and 38 show moderate conservation for either a single amino acid or a class of amino acids (e.g., hydrophobic). However, the amino acid preferences for these "signature" positions are not as strong as the amino acid preferences at TPR and ANK signature positions. (b) 8ARM sequence logos show the amino acid preferences for the first 40 sequence positions for each repeat in a multiple alignment of our dataset of 8ARM modules. While many positions in each repeat show very high preferences for certain amino acids, these positions are different for each repeat. Furthermore, each repeat shares some preferences with the allARM sequence logos but not to the same degree.
Sequence logos
Sequence logos were generated using the WebLogo3 software 49 and colored by amino acid chemistry, where polar residues (G, S, T, Y, C) are colored green, neutral residues (Q, N) are colored purple, basic residues (K, R, H) are colored blue, acidic residues (D, E) are colored red, and hydrophobic residues (A, V, L, I, P, W, F, M) are colored black.
Relative entropy and MI
Relative entropy at position i, D i , is given by: 
where p(x i ,y j ) denotes the frequency of the simultaneous occurrence of amino acid x at position i and amino acid y at position j, p(x i ) denotes the frequency of amino acid x at position i, and p(y j ) denotes the frequency of amino acid y at position j. These calculations were carried out using a custom Matlab script, which is available upon request. In Eqs.
(1) and (2), the natural logarithm is used to calculate information in nats, while the original information theoretic metric uses a logarithm of base 2 to calculate information in bits. 50 All relative entropy and MI calculations were applied to the entire 3TPR dataset of 974 sequences.
In the MI network, each node represents one of the 102 positions in a 3TPR module. An edge is drawn between any pair of positions for which the MI score of that pair is more than 3 SD greater than the mean MI score for all position pairs. The network was constructed using the software Cytoscape 2.8.3.
Protein structure visualization
Protein models were constructed using PyMOL 1.3. Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.jmb.2013.02.013
